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Abstract
Host seeking in the yellow fever mosquito, Aedes aegypti, and the African malaria mosquito,
Anopheles coluzzii, relies on specific and generic host-derived odorants. Previous analyses
indicate that the behavioral response of these species depends differentially on the pres-
ence of carbon dioxide (CO2) and other constituents in human breath for activation and
attraction. In this study, we use a flight tube assay and electrophysiological analysis to
assess the role of acetone, a major component of exhaled human breath, in modulating the
behavioral and sensory neuronal response of these mosquito species, in the presence and
absence of CO2. When presented alone at ecologically relevant concentrations, acetone
increases attraction in Ae. aegypti, but not in An. coluzzii. Moreover, in combination with
CO2, human breath-equivalents of acetone ranging between 0.1 and 10 ppm reproduces a
behavioral response similar to that observed to human breath in host-seeking Ae. aegypti,
but not in An. coluzzii. Acetone does, however, reduce attraction to CO2 in An. coluzzii,
when presented at a higher concentration of 10 ppm. We identify the capitate peg A neuron
of the maxillary palp of both species as a dual detector of CO2 and acetone. The sensory
response to acetone, or binary blends of acetone and CO2, reflects the observed behavioral
output in both Ae. aegypti and An. coluzzii. We conclude that host recognition is contextual
and dependent on a combination of ecologically relevant odorants at naturally occurring
concentrations that are encoded, in this case, by differences in the temporal structure of the
neuronal response. This information should be considered when designing synthetic blends
for that optimally attract mosquitoes for monitoring and control.
Introduction
The yellow fever mosquito, Aedes aegypti, and the African malaria mosquito, Anopheles coluz-
zii (formerly Anopheles gambiae molecular form M), exhibit a feeding preference for humans,
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making them efficient vectors of disease [1]. To identify new vector control measures to pre-
vent the transmission of these diseases, the odor-mediated host-seeking behavior of mosqui-
toes has been put under scrutiny [2]. This behavior is heavily dependent on specific and
generic host-derived volatile cues, which when presented in an accurate blend elicit a sequence
of behaviors, including activation, attraction and landing [3–6]. Recognition of ´host´ differs
across species, and is highly contextual and dependent on quantitative and qualitative differ-
ences in the odor blends [4, 5, 7]. Thus, an increased understanding of odor blend perception
in mosquitoes is pertinent for the development of synthetic blends that support monitoring
and control of host-seeking mosquitoes.
We, and others, have previously shown that sensory neurons in the maxillary palps of mos-
quitoes are tuned to constituents of vertebrate breath, including carbon dioxide (CO2) and
(R)-1-octen-3-ol [4, 5, 8, 9], which are commonly used for the control and monitoring of mos-
quitoes. These studies show that interspecific variation in the behavioral response to volatile
cues, when presented in ecologically relevant context and concentrations, can be explained by
differential constraints on the olfactory system between mosquito species [4, 5]. To further
analyze the behavioral and sensory response of Ae. aegypti and An. coluzzii to ecologically rele-
vant odor blends, we here assess the role of another constituent of vertebrate breath, acetone,
in the presence and absence of CO2.
Acetone is a by-product of fat metabolism and is a major component in exhaled breath, as
well as in fresh urine and blood of humans and animals alike [10–14]. The concentration of
acetone in human breath ranges from 0.5 to 2 ppm, but is greatly impacted by factors such as
health, age and diet [12]. Similarly, acetone concentration in the breath of other animals, such
as cattle, depends on the health of individual animals [10, 15, 16], and may reach concentra-
tions of up to 40× higher than that of humans [11, 16].
Behavioral responses to acetone, either alone or in the presence of CO2, have been demon-
strated for both An. gambiae [17, 18] and Ae. aegypti [19–21]. Besides enhancing the behav-
ioral response to CO2, acetone, when presented at concentrations substantially higher than
that found in human breath, affects the behavioral response to both complex host odors and
individual constituents thereof [17, 19, 21, 22]. The behavioral response to acetone, however,
differs among species. While acetone increases flight behavior in An. gambiae, it does not
evoke landing and may even inhibit attraction to other host odorants [17, 19]. For Ae. aegypti,
however, acetone, either alone or in combination with other host volatiles, increases attraction
[20]. This suggests that acetone is differentially detected and encoded by the olfactory system
of mosquitoes. As of yet, however, no studies have reported on which sensory neuron(s) in
mosquitoes are responsible for the detection of acetone, or how this information is encoded.
In this study, we analyze the behavioral response of female Ae. aegypti and An. coluzzii to
human breath and binary blends of acetone and CO2, as well as to acetone and CO2 alone, at
ecologically relevant concentrations [5, 10–12, 15, 16, 23–25]. Physiological responses to these
stimuli by the CO2-sensitive neuron on the maxillary palp of the two species reflect the spe-
cies-specific differences in behavioral responses. We discuss our findings in relation to previ-
ous studies and place them in the context of development of attractants for disease-
transmitting mosquitoes.
Materials and methods
Mosquitoes
Aedes aegypti (Rockefeller strain) and An. coluzzii (Suakoko strain; previously An. gambiae
molecular form M) were reared at 27 ± 2˚C, 70 ± 2% relative humidity (RH) under a 12 h : 12
h light : dark period, as previously described [26]. For all experiments, 6-day post-emergence
Differential acuity to acetone and CO2
PLOS ONE | https://doi.org/10.1371/journal.pone.0226815 December 30, 2019 2 / 14
female mosquitoes were used; these were provided water but deprived of their regular sugar
source 24 h prior to experiments.
Flight tube bioassay
To analyze the behavioral response of Ae. aegypti and An. coluzzii to exhaled breath, as well as
to acetone and CO2, presented alone or in binary blends, a flight tube bioassay was used (Fig
1A; [5]. The bioassay was illuminated from above with white light at 280 lux for the diurnal Ae.
aegypti, while red light (40 lux) was used for the nocturnal An. coluzzii. Experiments were con-
ducted during their period of peak host-seeking activity of each species [27, 28]. Charcoal-fil-
tered humidified air (25 ± 2˚C, RH 65 ± 2%) flowed through the flight tube at 30 cm s−1. To
ensure a laminar flow and a homogeneous plume structure, the air passed through a series of
stainless-steel mesh screens prior to entering the flight tube. Homogenous discrete stimulus
pulses (1 s on and 1 s off) were introduced into the flight section using a stimulus controller
(SEC-2/b, Syntech), which pumped stimulus-laden air from a 40 l Tedler gas sampling bag
(Adtech Polymer Ltd, Stroud, UK) into a pulse generator, placed behind the mesh screens
[24]. Stimuli were prepared in the following way: 1) breath was collected by a volunteer exhal-
ing normally through a mouthpiece into the bag for 4 min prior to the experiment; 2)
30000 ppm CO2 was prepared by introducing synthetic air (Strandmo¨llen AB, Ljungby, Swe-
den) at 1.5 l min-1 and pure CO2 (Strandmo¨llen AB) at 0.2 l min
-1 into the gas sampling bag, to
obtain the concentration approximating the natural composition in exhaled breath [12]; 3)
acetone (99.9%, Chromasolv, Sigma-Aldrich, Stockholm, Sweden) was diluted with distilled
water and then pipetted into the bag, which was subsequently filled with synthetic air, to obtain
concentrations of 0.1 ppm, 1 ppm and 10 ppm at the downwind end of the flight tube; 4)
binary mixtures of 30000 ppm CO2 and the three concentrations of acetone; and 5) for the
negative control experiments, the gas sampling bag was filled with synthetic air at an airflow of
l.5 l min-1. The consistency in amplitude and the structure of the discrete pulsed stimuli was
visualized using a mini-PID (Aurora Scientific, Aurora, Ontario, Canada) with known concen-
tration of acetone with different flow rates as described by Majeed et al. [24]. In addition, the
concentrations of acetone and CO2 were measured at the down-wind end of the flight tube
using the mini-PID (Aurora Scientific, Aurora, Ontario, Canada) and a CO2 analyzer (LI-820,
LICOR Biosciences, Lincoln, NE, USA), respectively. This revealed a concentration of
1200 ± 12 ppm CO2, as well as average concentrations of 0.1 ± 0.02 ppm, 1 ppm ± 0.01 and
10 ± 0.04 ppm acetone.
Individual mosquitoes were kept in glass release chambers (7 × 2.6 cm i.d.), covered with
stainless steel mesh on one side and a cotton plug on the other, in the bioassay room for 24 h
prior to the experiments [5]. Following the opening of the release chamber, the time to take off
(flight activation) and the time to source contact were recorded. The maximum experimental
time was 120 s. Thirty individuals of each species were observed for all treatments. To mini-
mize the effect of daily variation in baseline activity and responses to odors, an equal number
of test and control individuals were observed each day. For both species, to compare the time
to take off and the time to source contact in response to the various treatments (human breath,
CO2 and acetone alone, binary blends and synthetic air), an ANOVA followed by Tukey’s
HSD post hoc test was used (GraphPad Prism, v. 7; GraphPad software, La Jolla, CA, USA).
The total number of mosquitoes making source contact was analyzed with nominal logistic
regression, comparing presence and absence of CO2 and dose of acetone for each species (JMP
Pro v. 14, SAS Institute Inc., Cary, NC, 1989–2019).
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Electrophysiology
Initial screening of all previously characterized functional types of sensilla on the antennae of
Ae. aegypti and An. coluzzii [26, 29–32] revealed that the sensory neurons sensitive to acetone
are found on the maxillary palps. Specifically, the type of sensory neuron responding to ace-
tone is the same as the one responding to CO2, the capitate peg A (cpA) neuron [5].
Electrophysiological recordings from this sensillum type were made and analyzed as previously
described [5].
A continuous humidified stream of synthetic air (Strandmo¨llen AB), lacking CO2, was
passed over the maxillary palp (2 l min−1) via a glass tube (7 mm i.d.). Stimuli, consisting of
CO2, acetone or binary mixture thereof, were introduced into the air stream through a hole (2
mm i.d.) in the glass tube, 11 cm upstream of the maxillary palps. Delivery of CO2 was regu-
lated by a two-way Teflon solenoid valve (Teddington, Skogås, Sweden), controlled via the dig-
ital output of an IDAC-4 (Syntech, Germany). The valve was connected to a separate gas
cylinder containing 1200 ppm CO2 and oxygen (20%), balanced by nitrogen (Strandmo¨llen
AB). Acetone, dissolved in distilled water, at concentrations ranging from 0.1 to 100000 ppm,
were loaded (15 μl) onto a piece of filter paper (5 × 20 mm), placed inside a Pasteur pipette.
The pipettes were sealed using Parafilm™ after loading and used once within 5 min to limit the
variation due to evaporation. For the dose-response analysis, stimuli were presented in
increasing concentrations from 0.1 to 100000 ppm. To test binary mixtures of CO2 and ace-
tone, pipettes loaded with 0.1, 1 and 10 ppm acetone were gently, yet rapidly, filled with
1200 ppm CO2, after establishing a stable contact with a capitate peg sensillum. The rationale
for selecting 1200 ppm CO2 for the binary blends was that this concentration corresponds
with the natural level associated with proximity to a host [23, 25] and has previously been
shown to elicit behavioral response in both mosquito species [5, 24]. Stimuli were presented in
the following order: CO2 (1200 ppm), 0.1 ppm acetone, 0.1 ppm acetone + CO2, 1 ppm ace-
tone, 1 ppm acetone + CO2, 10 ppm acetone, 10 ppm acetone + CO2. For all experiments, dis-
tilled water was used as a control. The entire panel of stimuli was used once per specimen. The
time between stimuli was 10 s. Extracellular spike activity of the A neuron was analyzed by
counting the number of spikes 0.5 s before stimulus onset and subtracting this from that of the
0.5 s period following stimulus delivery. Results are presented as spikes s-1. To further analyze
the neural response to the binary mixtures, the temporal characteristics were analyzed by plot-
ting frequency histograms (spikes s-1) during 100 ms bins over a period of 2s (500 ms before to
1500 ms after the response onset).
To compare the sensitivity of the capitate peg A neurons of the two species to acetone and
the binary blends, a repeated measures two-way ANOVA followed by Tukey’s multiple com-
parison test was used (GraphPad Prism, v. 8.2.1). The kinetic curve fits were generated using a
non-linear regression association/dissociation model (association then dissociation model
Fig 1. The behavioral response of host-seeking Aedes aegypti and Anopheles coluzzii to synthetic air, human breath, acetone and
CO2, as well as binary blends thereof. A. Behavior was assessed in a flight tube assay: (a) charcoal filtered and humidified air flowed
through the assay, (b) pressurized air inlet, (c) stimulus inlet into which the stimulus was injected, (d) stainless-steel mesh plume
diffusers, (e) glass flight tube, and (f) release chamber. The upper panels demonstrate that the pulsed stimuli (here shown as five cycles of
1 s on and 1 s off) maintain their amplitude and shape throughout the flight tube and at all tested flow rates. The upper right panel shows
the consistent and distinct pulsed stimuli at ascending flow rates of known concentration of acetone in the flight tube. Discrete pulsed
stimuli were measured in the center (in red) and at the lateral sides (in black) of the release chamber, at halfway and at the source. The
upper left panel presents a graphical representation of the distinct pulsed stimuli, which shows the average amplitude of each of the five
distinct pulses (N = 10) at different positions and the regression correlation coefficients (R2) that demonstrate the consistency of the
stimulus amplitude at the different positions within the flight tube with increasing flow rates. Time to take off (B, C; top graphs) and
source contact (B, C; bottom graphs) are differentially affected by human breath, acetone and by the binary blends in the two species.
The number of mosquitoes responding is indicated as numbers inset in each bar. Different letters above the bars denote significant
differences between treatments within species (ANOVA, p< 0.05). Vertical bars represent the standard error of means ± SE.
https://doi.org/10.1371/journal.pone.0226815.g001
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constrained at HotNM = 12 and Time0 = 0.2; GraphPad Prism, www.graphpad.com/guides/
prism/8/curve-fitting/reg_equaton_association_then_disso.htm).
Results
Reliance on acetone for the behavioral response to human breath
The behavioral response of Ae. aegypti and An. coluzzii was differentially affected by acetone
and the binary blends (Take off: F(8,261) = 9.93, P< 0.0001 and F(8,261) = 4.43, P < 0.0001,
respectively; Source contact: F(8,190) = 15.2, P < 0.0001 and F(8,150) = 7.22, P < 0.0001, respec-
tively) (Fig 1). Compared to synthetic air, acetone alone did not affect the time to take off in
either species, but significantly reduced the time to source contact in Ae. aegypti (Fig 1B and
1C). When presented together with CO2, on the other hand, acetone significantly reduced the
time to take off in Ae. aegypti, but not in An. coluzzii (Fig 1B and 1C; top). Combinations of
acetone and CO2 did not influence the time to source contact in Ae. aegypti (Fig 1B; bottom),
but the time to source contact increased at the highest dose tested in An. coluzzii (Fig 1C; bot-
tom). For both species, the number of insects that made source contact was higher in the pres-
ence of CO2 but was not affected by the dose of acetone (Ae. aegypti χ2 = 1.32, p = 0.52,
parameter estimates: intercept = 0.036, acetone = 0.63; An. coluzzii χ2 = 1.51, p = 0.93, parame-
ter estimates: intercept = 0.031, acetone = 0.46).
Detection of acetone
Electrophysiological recordings from the capitate peg sensilla of Ae. aegypti and An. coluzzii
(Fig 2A) revealed a dose-dependent response of the overall rate of firing of the cpA neuron to
acetone at concentrations exceeding 1000 ppm (Dose: F(6, 196) = 62.34, p< 0.0001), with Ae.
aegypti being significantly more sensitive than An. coluzzii (Species: F(3, 196) = 121.3,
p< 0.0001) (Fig 2B–2D). Interestingly, even at low, and ecologically relevant, concentrations
(0.1–100 ppm), acetone elicited a higher response than the control (synthetic air) for both Ae.
aegypti (p = 0.0097) and An. coluzzii (p = 0.0047) (Fig 2B–2D). Taken together, these results
demonstrate that both species are capable of sensing low, ecologically relevant, concentrations
of acetone, however assessing the effect of the dose requires higher resolution analysis.
Detection of binary blends of acetone and CO2
The response of the cpA neuron, when analyzed at high temporal resolution, to either acetone
or CO2 alone, was significantly different from that to the binary blends for both Ae. aegypti
(F(1,10) = 70.84, p< 0.0001) and An. coluzzii (F(1,10) = 53.04, p< 0.0001) (Fig 3A–3D). In Ae.
aegypti, the cpA response to acetone was significantly higher than that to the control, in both
the presence and absence of CO2 (F(3,30) = 30.04, p< 0.0001) (Fig 3E; Table 1). In contrast, in
An. coluzzii, the only significant change in cpA activity was to acetone in the absence of CO2
(F(3,30) = 6.47, p = 0.0017) (Fig 3F; Table 1).
The temporal pattern of response to acetone and CO2 alone, as well as binary blends
thereof, was phasic-tonic for both Ae. aegypti and An. coluzzii (Fig 2B and 2C and Fig 3C, A,C
In Ae. aegypti, the cpA activity in response to CO2 and the three binary blends of acetone and
CO2 could be modeled by a single, shared association/dissociation curve (F(12,306) = 1.509,
p = 0.1194; dotted line in Fig 3E), revealing a consistently higher kinetic response to increasing
concentrations of acetone in combination with CO2 compared to acetone alone (Fig 3E). In
contrast, a model of the activity of the Ae. aegypti cpA neuron to acetone alone revealed that
each concentration could be represented by distinct association/dissociation curves (F(8,240) =
4.551, p< 0.0001; solid lines in Fig 3E), demonstrating that the response kinetics of this
Differential acuity to acetone and CO2
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neuron is influenced by acetone concentration (Fig 3E). The reverse was observed for An.
coluzzii, in which the cpA response to acetone alone could be modeled by a single, shared
curve (F(2,204) = 1.566, p = 0.1367; dotted line in Fig 3F), while the response to CO2 and the
blends were modeled individually (F(12,272) = 4.198, p< 0.0001; solid lines in Fig 3F). This
demonstrates that the response kinetics of this neuron is influenced by acetone concentration
only in the presence of CO2 (Fig 3F).
Discussion
The behavioral response of Ae. aegypti and An. coluzzii to human breath relies on the presence
of CO2 [18, 33, this study] and is differentially modulated by acetone. While acetone enhances
the behavioral response of Ae. aegypti, in both the presence and absence of CO2, it decreases
the behavioral response of An. coluzzii in the presence of CO2. This demonstrates that blend
perception of generic volatile compounds in human breath plays a role in host attraction for
these species. The observed differences in behavioral attraction correlate with the different
mode of encoding CO2 and acetone, as well as the binary blends, by the cpA neurons of the
two species. The data provided here, together with our previous studies [4, 5], clearly empha-
size that generic host volatiles, when presented in ecologically relevant concentrations, may
provide reliable cues for host attraction and recognition for mosquitoes.
When presented at ecologically relevant concentrations, acetone, in combination with CO2,
reproduces a behavioral response similar to that observed to human breath of host-seeking Ae.
aegypti, but not of An. coluzzii. This is in line with previous observations demonstrating that
activation of host-seeking Ae. aegypti and An. gambiae differentially relies on human breath
constituents other than CO2 [18, 33]. Acetone, when presented alone at concentrations of 1–-
10 ppm, significantly decreased the time to source contact in Ae. aegypti when compared with
synthetic air. A similar observation was made by Venkatesh and Sen [20], albeit at concentra-
tions of acetone >100,000× higher than that used in the current study, demonstrating that ace-
tone may substitute for CO2, as suggested by Bernier et al. [21]. A plausible explanation for the
observed behaviour at these extreme concentrations may be a result of the intense activation of
the CO2 sensitive, cpA, neurons, demonstrated here. When presented in combination with
CO2, 1 ppm acetone, an equivalent concentration of that found in human breath (0.5–2 ppm),
significantly decreased the time to take off in Ae. aegypti compared to that of CO2 alone, to a
level similar to that observed to human breath. Acetone has previously been shown to enhance
the behavioral response of Ae. aegypti to other host volatiles, in the presence of CO2 [21, 22],
verifying that acetone may act additively or synergistically to enhance activation and attrac-
tion. In contrast, acetone, whether in the presence or absence of CO2, did not significantly
affect time to take off and source contact for An. coluzzii. The only exception to this was an
observed increase in time to source contact, when acetone was presented at 10 ppm together
with CO2. A similar inhibition of the behavioural response to high concentrations of acetone
has been reported by Takken et al. [19] and Qiu et al. [17]. We conclude that Ae. aegypti and
Fig 2. Response of the capitate peg A (cpA) neuron of Aedes aegypti and Anopheles coluzzii to acetone. A. Sample
trace from a capitate peg sensillum of Ae. aegypti, displaying the firing frequency of the three neurons (cpA, B, and C).
Dose-dependent response of the cpA neuron in Ae. aegypti and An. coluzzii to increasing concentrations of acetone
(B-D). Note the significant increased response, above the control, to low concentrations of acetone (D). At higher
concentrations, acetone elicits a significantly higher response in the cpA neuron of Ae. aegypti than of An. coluzzii,
indicated by different letter designations (two-way repeated-measures ANOVA, Tukey’s multiple comparison test,
uppercase, Ae. aegypti; lowercase, An. coluzzii) (D). “ns” indicates no significant difference among the doses for each
species control.
https://doi.org/10.1371/journal.pone.0226815.g002
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An. coluzzii appear differentially constrained in their capacity to respond behaviorally to
binary blends of acetone and CO2.
The observed differential behavioral response of Ae. aegypti and An. coluzzii to acetone and
CO2, and binary blends thereof, is reflected in the sensory response of the cpA neurons to
these stimuli. While we cannot rule out the existence of rare types of acetone-sensitive neurons
on the antennae or differences in higher order processing of either species, this study suggests
that the CO2-sensitive neuron in mosquitoes, far from being a labelled line for CO2, is capable
of encoding breath-related blends. While acetone is a novel ligand for the cpA neuron, other
odorants are known to be agonists of the cpA neuron in Ae. aegypti, An. gambiae and in the
southern house mosquito, Culex quinquefasciatus, when presented at high concentrations [34–
36]. Our physiological analysis, however, reveals that the cpA neuron of both Ae. aegypti and
An. coluzzii demonstrate a high sensitivity to ecologically relevant concentrations of acetone
alone, which in Ae. aegypti correlates with behavior. A correlation is also found between the
behavior of both Ae. aegypti and An. coluzzii and the sensory response of their cpA neurons to
the binary blends. In Ae. aegypti, stimulation with both acetone and CO2 significantly
increased the response of the cpA neuron, without altering the response kinetics, whereas the
opposite was found for An. coluzzii. The observed differences in sensory response of the two
species to acetone, either alone or in combination with CO2, is intriguing. Agonists of the
CO2-sensitive neuron in both mosquitoes [34–36] and Drosophila melanogaster [35, 37] have
been shown to be detected by gustatory receptors (Grs) expressed in the cpA neuron. Whether
structural or stoichiometric differences of the Grs in the two mosquito species [8, 38, 39]
account for the demonstrated differences in sensory response remain to be analyzed.
Previous studies indicate that behavioral responses to complex host odors in mosquitoes
are more robust than to single host volatiles [3, 6, 17, 40, 41]. While host discrimination and
Fig 3. Electrophysiological response of the capitate peg A (cpA) neuron of Aedes aegypti and Anopheles coluzzii to
acetone, CO2, and binary blends thereof. Physiological response of the cpA neuron in Ae. aegypti (A, B) and An.
coluzzii (C, D) to increasing concentrations of acetone, CO2, and binary blends thereof. E and F show, in high
temporal resolution, the differential increase in response of the cpA neuron of Ae. aegypti (nrecording = 6, Nindividual = 6)
and An. coluzzii (nrecording = 6, Nindividual = 6) to acetone in the presence or absence of CO2 (two-way repeated-
measures ANOVA, Tukey’s multiple comparison test; �� p< 0.01; ��� p< 0.001).
https://doi.org/10.1371/journal.pone.0226815.g003
Table 1. The goodness of fit for the non-linear regressions in Fig 3C and 3D.
CO2 CO2+ acetone
0.1 ppm
CO2+ acetone
1 ppm
CO2+ acetone
10 ppm
CO2+ acetone
(shared)
acetone
0.1 ppm
acetone
1 ppm
acetone
10 ppm
acetone
(shared)
Ae.
aegypti
Degrees of
Freedom
66 80 80 80 318 80 80 80 248a
R2 0.70 0.86 0.72 0.74 0.74 0.56 0.71 0.66 0.61a
Adjusted R2 0.69 0.85 0.71 0.73 0.74 0.54 0.69 0.64 0.60a
Sum of
Squares
241.00 163.40 347.00 458.50 1282.00 119.30 103.40 174.10 457.10a
Sy.x 1.91 1.43 2.08 2.39 2.01 1.22 1.14 1.48 1.36a
An.
coluzzii
Degrees of
Freedom
68 68 68 68 284a 68 68 68 212
R2 0.80 0.84 0.78 0.73 0.76a 0.72 0.51 0.61 0.59
Adjusted R2 0.79 0.83 0.77 0.72 0.76a 0.70 0.49 0.59 0.59
Sum of
Squares
136.60 111.40 160.00 204.20 679.10a 53.69 108.70 109.00 282.00
Sy.x 1.41 1.28 1.53 1.73 1.55a 0.89 1.26 1.27 1.15
aModel rejected by extra sum of squares F test at α = 0.05.
https://doi.org/10.1371/journal.pone.0226815.t001
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selection by anthropophilic mosquitoes may be regulated by species-specific host volatiles [42,
43], recent research suggests that these behaviors also rely on a number of generic host volatiles
and their relative proportions [3, 4, 41, 44–48]. In most of these studies, these host volatiles
have been shown to be detected by sensory neurons on the antennae, and readily synergize
with CO2 in eliciting host-related behaviors. In this study, we identify acetone as a host volatile,
detected by sensory neurons on the maxillary palps, that differentially modulates both the
physiological and behavioral responses in Ae. aegypti and An. coluzzii. Behaviorally, Ae. aegypti
is activated by the presence of CO2 and acetone at ecologically relevant concentrations,
whereas the activation of An. coluzzii is independent of the presence of acetone. This is
reflected in the firing rates of the cpA sensory neuron of each species. In contrast, source con-
tact is mediated in Ae. aegypti by CO2, with or without acetone, while this is not the case in An.
coluzzii. Moreover, An. coluzzii tolerates only a limited concentration of acetone, less than
10 ppm, above which the time to source contract increases. This differential response to the
presence of acetone correlates with the change in temporal kinetics seen in the cpA neuron in
An. coluzzii. This suggests both that other stimuli are involved in attraction to the host in An.
coluzzii [18], and that acetone is acting as a host discrimination cue in this species, but not in
Ae. aegypti. In Ae. aegypti, acetone, together with CO2, is acting as an activator, similar to
human breath, and may be the missing component in human breath that was proposed by
Khan and Maibach [33] to be responsible for the observed greater human attraction.
While the role of CO2 in activating, sensitizing and attracting mosquitoes to potential hosts
is well characterized [3, 5, 49, and references therein], this study reveals that another major
component of exhaled breath, acetone, is able to modulate this behavioral response. When pre-
sented in binary blends together with CO2, acetone, within the natural concentrations found
in the exhaled breath of potential hosts, enhances both the sensory and behavioral response of
Ae. aegypti. For An. coluzzii, which is highly anthropophilic, the sensory and behavioral
response is decreased at higher concentrations of acetone, indicating that acetone may act as a
recognition cue to discriminate among hosts. From a vector control perspective, additional
identification of ecologically relevant odorants and their naturally occurring concentrations,
and how these factors affect vector-host interaction, can aid in optimizing synthetic blends for
monitoring and control of mosquito populations.
Acknowledgments
We thank Elsa Quillery for technical support and Kevin Haight for comments on an early
draft of the manuscript.
Author Contributions
Conceptualization: Majid Ghaninia, Sharon R. Hill, Rickard Ignell.
Formal analysis: Majid Ghaninia, Shahid Majeed, Sharon R. Hill.
Funding acquisition: Rickard Ignell.
Investigation: Majid Ghaninia, Shahid Majeed.
Methodology: Teun Dekker, Sharon R. Hill, Rickard Ignell.
Project administration: Rickard Ignell.
Resources: Rickard Ignell.
Supervision: Sharon R. Hill, Rickard Ignell.
Visualization: Majid Ghaninia, Rickard Ignell.
Differential acuity to acetone and CO2
PLOS ONE | https://doi.org/10.1371/journal.pone.0226815 December 30, 2019 11 / 14
Writing – original draft: Sharon R. Hill, Rickard Ignell.
Writing – review & editing: Majid Ghaninia, Shahid Majeed, Teun Dekker, Sharon R. Hill.
References
1. Takken W, Verhulst NO. Host preferences of blood-feeding mosquitoes. Annual Review of Entomology.
2013; 58:433–53. https://doi.org/10.1146/annurev-ento-120811-153618 PMID: 23020619
2. Potter CJ. Stop the biting: targeting a mosquito’s sense of smell. Cell. 2014; 156(5):878–81. https://doi.
org/10.1016/j.cell.2014.02.003 PMID: 24581489
3. Carde´ RT. Multi-cue integration: how female mosquitoes locate a human host. Current Biology. 2015;
25(18):R793–R5. https://doi.org/10.1016/j.cub.2015.07.057 PMID: 26394099
4. Majeed S, Hill SR, Birgersson G, Ignell R. Detection and perception of generic host volatiles by mosqui-
toes modulate host preference: context dependence of (R)-1-octen-3-ol. Royal Society Open Science.
2016; 3(11):160467. https://doi.org/10.1098/rsos.160467 PMID: 28018630
5. Majeed S, Hill SR, Dekker T, Ignell R. Detection and perception of generic host volatiles by mosquitoes:
responses to CO2 constrains host-seeking behaviour. Royal Society Open Science. 2017; 4
(5):170189. https://doi.org/10.1098/rsos.170189 PMID: 28573028
6. Okumu FO, Killeen GF, Ogoma S, Biswaro L, Smallegange RC, Mbeyela E, et al. Development and
field evaluation of a synthetic mosquito lure that is more attractive than humans. PloS One. 2010; 5(1):
e8951. https://doi.org/10.1371/journal.pone.0008951 PMID: 20126628
7. Bruce TJ, Pickett JA. Perception of plant volatile blends by herbivorous insects–finding the right mix.
Phytochemistry. 2011; 72(13):1605–11. https://doi.org/10.1016/j.phytochem.2011.04.011 PMID:
21596403
8. Lu T, Qiu YT, Wang G, Kwon JY, Rutzler M, Kwon H-W, et al. Odor coding in the maxillary palp of the
malaria vector mosquito Anopheles gambiae. Current Biology. 2007; 17(18):1533–44. https://doi.org/
10.1016/j.cub.2007.07.062 PMID: 17764944
9. Syed Z, Leal WS. Maxillary palps are broad spectrum odorant detectors in Culex quinquefasciatus.
Chemical Senses. 2007; 32(8):727–38. https://doi.org/10.1093/chemse/bjm040 PMID: 17569743
10. Dobbelaar P, Mottram T, Nyabadza C, Hobbs P, Elliott-Martin R, Schukken Y. Detection of ketosis in
dairy cows by analysis of exhaled breath. Veterinary Quarterly. 1996; 18(4):151–2. PMID: 8972064
11. Elliott-Martin R, Mottram T, Gardner J, Hobbs P, Bartlett P. Preliminary investigation of breath sampling
as a monitor of health in dairy cattle. Journal of Agricultural Engineering Research. 1997; 67(4):267–75.
12. Fenske JD, Paulson SE. Human breath emissions of VOCs. Journal of the Air & Waste Management
Association. 1999; 49(5):594–8.
13. Wahl HG, Hoffmann A, Luft D, Liebich HM. Analysis of volatile organic compounds in human urine by
headspace gas chromatography–mass spectrometry with a multipurpose sampler. Journal of Chroma-
tography A. 1999; 847(1–2):117–25. https://doi.org/10.1016/s0021-9673(99)00017-5 PMID: 10431355
14. Knodt C, Shaw J, White G. Studies on ketosis in dairy cattle. I. Effect of stall and pasture feeding upon
the concentration of blood and urinary acetone bodies of dairy cattle1. Journal of Dairy Science. 1942;
25(10):837–49.
15. Vale G, Hall D. The role of 1-octen-3-ol, acetone and carbon dioxide in the attraction of tsetse flies,
Glossina spp. (Diptera: Glossinidae), to ox odour. Bulletin of Entomological Research. 1985; 75
(2):209–18.
16. Torr S, Hall D, Smith J. Responses of tsetse flies (Diptera: Glossinidae) to natural and synthetic ox
odours. Bulletin of Entomological Research. 1995; 85(1):157–66.
17. Qiu Y, Smallegange R, Van Loon J, Takken W. Behavioural responses of Anopheles gambiae sensu
stricto to components of human breath, sweat and urine depend on mixture composition and concentra-
tion. Medical and Veterinary Entomology. 2011; 25(3):247–55. https://doi.org/10.1111/j.1365-2915.
2010.00924.x PMID: 21108650
18. Healy T, Copland M. Activation of Anopheles gambiae mosquitoes by carbon dioxide and human
breath. Medical and Veterinary Entomology. 1995; 9(3):331–6. https://doi.org/10.1111/j.1365-2915.
1995.tb00143.x PMID: 7548953
19. Takken W, Dekker T, Wijnholds Y. Odor-mediated flight behavior of Anopheles gambiae giles Sensu
Stricto and An. stephensi liston in response to CO 2, acetone, and 1-octen-3-ol (Diptera: Culicidae).
Journal of Insect Behavior. 1997; 10(3):395–407.
Differential acuity to acetone and CO2
PLOS ONE | https://doi.org/10.1371/journal.pone.0226815 December 30, 2019 12 / 14
20. Venkatesh P, Sen A. Laboratory evaluation of synthetic blends of l-(+)-lactic acid, ammonia, and
ketones as potential attractants for Aedes aegypti. Journal of the American Mosquito Control Associa-
tion. 2017; 33(4):301–8. https://doi.org/10.2987/16-6599.1 PMID: 29369028
21. Bernier UR, Kline DL, Posey KH, Booth MM, Yost RA, Barnard DR. Synergistic attraction of Aedes
aegypti (L.) to binary blends of L-lactic acid and acetone, dichloromethane, or dimethyl disulfide. Journal
of Medical Entomology. 2003; 40(5):653–6. https://doi.org/10.1603/0022-2585-40.5.653 PMID:
14596278
22. Bernier UR, Kline DL, Allan SA, Barnard DR. Laboratory comparison of Aedes aegypti attraction to
human odors and to synthetic human odor compounds and blends. Journal of the American Mosquito
Control Association. 2007; 23(3):288–93. https://doi.org/10.2987/8756-971X(2007)23[288:LCOAAA]2.
0.CO;2 PMID: 17939508
23. Grant A, Aghajanian J, O’Connell R, Wigton B. Electrophysiological responses of receptor neurons in
mosquito maxillary palp sensilla to carbon dioxide. Journal of Comparative Physiology A. 1995; 177
(4):389–96.
24. Majeed S, Hill SR, Ignell R. Impact of elevated CO2 background levels on the host-seeking behaviour of
Aedes aegypti. Journal of Experimental Biology. 2014; 217(4):598–604.
25. Mboera L, Knols B, Takken W, Della Torre A. The response of Anopheles gambiae sl and A. funestus
(Diptera: Culicidae) to tents baited with human odour or carbon dioxide in Tanzania. Bulletin of Entomo-
logical Research. 1997; 87(2):173–8.
26. Ghaninia M, Ignell R, Hansson BS. Functional classification and central nervous projections of olfactory
receptor neurons housed in antennal trichoid sensilla of female yellow fever mosquitoes, Aedes aegypti.
European Journal of Neuroscience. 2007; 26(6):1611–23. https://doi.org/10.1111/j.1460-9568.2007.
05786.x PMID: 17880395
27. Jones M, Gubbins S, Cubbin C. Circadian flight activity in four sibling species of the Anopheles gambiae
complex (Diptera, Culicidae). Bulletin of Entomological Research. 1974; 64(2):241–6.
28. Yee WL, Foster WA. Diel sugar-feeding and host-seeking rhythms in mosquitoes (Diptera: Culicidae)
under laboratory conditions. Journal of Medical Entomology. 1992; 29(5):784–91. https://doi.org/10.
1093/jmedent/29.5.784 PMID: 1357175
29. Ghaninia M. Olfaction in mosquitoes: Neuroanatomy and electrophysiology of the olfactory system
[Doctoral dissertation]: Swedish University of Agricultural Sciences, SE.; 2007.
30. Ghaninia M, Larsson M, Hansson BS, Ignell R. Natural odor ligands for olfactory receptor neurons of
the female mosquito Aedes aegypti: use of gas chromatography-linked single sensillum recordings.
Journal of Experimental Biology. 2008; 211(18):3020–7.
31. Qiu YT, Van Loon JJ, Takken W, Meijerink J, Smid HM. Olfactory coding in antennal neurons of the
malaria mosquito, Anopheles gambiae. Chemical Senses. 2006; 31(9):845–63. https://doi.org/10.1093/
chemse/bjl027 PMID: 16963500
32. Suer RA. Unravelling the malaria mosquito’s sense of smell: neural and behavioural responses to
human-derived compounds [Doctoral dissertation]: Wageningen University, NL.; 2011.
33. Khan A, Maibach HI. Effect of human breath on mosquito attraction to man. Mosquito News. 1972; 32
(1):11–5.
34. Turner SL, Li N, Guda T, Githure J, Carde´ RT, Ray A. Ultra-prolonged activation of CO 2-sensing neu-
rons disorients mosquitoes. Nature. 2011; 474(7349):87. https://doi.org/10.1038/nature10081 PMID:
21637258
35. Tauxe GM, MacWilliam D, Boyle SM, Guda T, Ray A. Targeting a dual detector of skin and CO2 to mod-
ify mosquito host seeking. Cell. 2013; 155(6):1365–79. https://doi.org/10.1016/j.cell.2013.11.013
PMID: 24315103
36. Coutinho-Abreu IV, Sharma K, Cui L, Yan G, Ray A. Odorant ligands for the CO 2 receptor in two
Anopheles vectors of malaria. Scientific Reports. 2019; 9(1):2549. https://doi.org/10.1038/s41598-019-
39099-0 PMID: 30796292
37. MacWilliam D, Kowalewski J, Kumar A, Pontrello C, Ray A. Signaling mode of the broad-spectrum con-
served CO2 receptor is one of the important determinants of odor valence in Drosophila. Neuron. 2018;
97(5):1153–67. e4. https://doi.org/10.1016/j.neuron.2018.01.028 PMID: 29429938
38. Erdelyan C, Mahood T, Bader T, Whyard S. Functional validation of the carbon dioxide receptor genes
in Aedes aegypti mosquitoes using RNA interference. Insect Molecular Biology. 2012; 21(1):119–27.
https://doi.org/10.1111/j.1365-2583.2011.01120.x PMID: 22122783
39. McMeniman CJ, Corfas RA, Matthews BJ, Ritchie SA, Vosshall LB. Multimodal integration of carbon
dioxide and other sensory cues drives mosquito attraction to humans. Cell. 2014; 156(5):1060–71.
https://doi.org/10.1016/j.cell.2013.12.044 PMID: 24581501
Differential acuity to acetone and CO2
PLOS ONE | https://doi.org/10.1371/journal.pone.0226815 December 30, 2019 13 / 14
40. Smallegange RC, Takken W. Host-seeking behaviour of mosquitoes: responses to olfactory stimuli in
the laboratory. Olfaction in vector-host interactions: Wageningen Academic Publishers; 2010. p. 143–
80.
41. Takken W, Knols BG. Odor-mediated behavior of Afrotropical malaria mosquitoes. Annual Review of
Entomology. 1999; 44(1):131–57.
42. Mukabana WR, Takken W, Coe R, Knols BG. Host-specific cues cause differential attractiveness of
Kenyan men to the African malaria vector Anopheles gambiae. Malaria Journal. 2002; 1(1):17.
43. Smallegange RC, Bukovinszkine´-Kiss G, Otieno B, Mbadi PA, Takken W, Mukabana WR, et al. Identifi-
cation of candidate volatiles that affect the behavioural response of the malaria mosquito Anopheles
gambiae sensu stricto to an active kairomone blend: laboratory and semi-field assays. Physiological
Entomology. 2012; 37(1):60–71.
44. Omondi A, Ghaninia M, Dawit M, Svensson T, Ignell R. Age-dependent regulation of host seeking in
Anopheles coluzzii. Scientific Reports. 2019; 9(1):9699. https://doi.org/10.1038/s41598-019-46220-w
PMID: 31273284
45. Geier M, Bosch OJ, Boeckh J. Influence of odour plume structure on upwind flight of mosquitoes
towards hosts. Journal of Experimental Biology. 1999; 202(12):1639–48.
46. Smallegange RC, Qiu YT, Bukovinszkine´-Kiss G, Van Loon JJ, Takken W. The effect of aliphatic car-
boxylic acids on olfaction-based host-seeking of the malaria mosquito Anopheles gambiae sensu
stricto. Journal of Chemical Ecology. 2009; 35(8):933. https://doi.org/10.1007/s10886-009-9668-7
PMID: 19626371
47. Smallegange RC, Qiu YT, van Loon JJ, Takken W. Synergism between ammonia, lactic acid and car-
boxylic acids as kairomones in the host-seeking behaviour of the malaria mosquito Anopheles gambiae
sensu stricto (Diptera: Culicidae). Chemical Senses. 2005; 30(2):145–52. https://doi.org/10.1093/
chemse/bji010 PMID: 15703334
48. Verhulst NO, Mukabana WR, Takken W, Smallegange RC. Human skin microbiota and their volatiles
as odour baits for the malaria mosquito Anopheles gambiae ss. Entomologia Experimentalis et Appli-
cata. 2011; 139(2):170–9.
49. Dekker T, Geier M, Carde´ RT. Carbon dioxide instantly sensitizes female yellow fever mosquitoes to
human skin odours. Journal of Experimental Biology. 2005; 208(15):2963–72.
Differential acuity to acetone and CO2
PLOS ONE | https://doi.org/10.1371/journal.pone.0226815 December 30, 2019 14 / 14
